Malaria is a public health problem of many tropical and subtropical countries. An estimated 216 million people are at risk[@ref1] of malaria. After Africa, South East Asia is the second most affected area in the world where India has the highest malaria burden. In the early 1960s, malaria was on the verge of eradication in India, but in the 1970s, malaria situation reversed back[@ref2] with frequent outbreaks[@ref3][@ref4][@ref5][@ref6][@ref7]. *Plasmodium falciparum* malaria outbreaks are frequent in different parts of India[@ref7] with varying intensities. As per the World Health Organization (WHO)[@ref8], an outbreak is defined as 'the occurrence of cases of disease in excess of what would normally be expected in a defined community, geographical area or season.' The definition of disease outbreak by the WHO is not explicit in defining the fine line between seasonal variation and malaria outbreak, and with 'excess' cases, often confusion arises while deciding the seasonal trend and outbreak[@ref9]. The accurate determination of malaria outbreak requires a system of finding critical value of seasonal malaria cases beyond which it can be labelled as 'outbreak\'. Being remote areas, lack of early preparedness for interventions is one of the major reasons for outbreaks, necessitating the need for early detection tool for outbreaks for early preparedness. For early detection of malaria outbreaks, there was an early warning system in the country dating back to 1921[@ref10] but not in use after 1946 due to changes in malaria-metric indices (such as spleen rate) and socio-economic and environmental conditions.

To overcome the problem, researchers have proposed various models of malaria transmission and detection of outbreaks[@ref11][@ref12]. Malaria Early Warning Systems using rainfall, temperature and relative humidity[@ref13][@ref14][@ref15][@ref16] have been developed by various researchers, but these are either constrained by accuracy or difficult to be used by public health specialists[@ref17][@ref18][@ref19]. Therefore, there is a need to have a simple tool for the development of Malaria Early Warning System, which can be used by public health persons at district level[@ref20][@ref21]. As it takes about 30-45 days in build-up of malaria vector population, picking up infection from infected person, development of parasite in vector and transmission to new host, it is prudent to identify the signal of impending outbreak before 1-2 months in advance.

Malaria outbreak situation varies from place to place due to varied endemicity, which depends on variation in mosquito infectivity rate and parasite load of a particular area[@ref22]. In order to define such a situation on conceptual level, operational definition of the variable is required to be developed at 'Zero' origin scale. In absence of the distinct line between the seasonal rise and outbreak in hyperendemic areas such as Karbi Anglong (Assam, India), outbreaks go unnoticed leading to a high mortality. The present analysis proposes a 'case/mean-ratio scale' (0, C~max~) to detect and measure malaria outbreaks for early preparedness for control.

Material & Methods {#sec1-2}
==================

Two diverse areas, one in northeastern part of India, Karbi Anglong district (Assam), and another in Thar Desert of India *i.e*., Jaisalmer district (Rajasthan), which have *P. falciparum* malaria endemicity, were identified for detailed analyses. Karbi Anglong district is characterized by humid climate with an average annual rainfall around 1646 mm, whereas Jaisalmer district has arid climate with an average rainfall around 172 mm. Monthly malaria (*P. falciparum*) data from 1993 to 2013 for Karbi Anglong were collected from the office of District Malaria Officer, Karbi Anglong at Diphu (Assam) and for Jaisalmer data from 1997 to 2007 were collected from the office of Chief Medical and Health officer at Jaisalmer (Rajasthan). The monthly *P. falciparum* cases were transformed using Equation 1[@ref23]. The number of cases of each month was divided by the average value of the dataset of that area.

Equation 1,
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where *x* is monthly observed cases, *n* is the number of months and ![](IJMR-146-612-g002.jpg) sis the mean of total monthly observed cases.

*Data analysis*: We compared two outbreak theorems, (*i*) conventional mean+2 standard deviation (SD)[@ref24], and (*ii*) proposed curve-based method of analysis for detecting *falciparum* malaria.

[Conventional mean+2 standard deviation]{.ul}: The method defined by Cullen *et al*[@ref24] was attempted to detect outbreaks in Karbi Anglong and Jaisalmer districts. Mean and SD were calculated from transformed case/mean ratios.

[Curve-based method of analysis]{.ul}: For curve-based method of analysis, Equation 2 was used.

Equation 2,

*α* = *C*~max~ *sin* Θ

where *α* is case at any point of time in the curve and *C*~max~ is peak value of the same curve with *Θ* equals to 90°, whereby *C*~max~ can be calculated by mean+2 SD method[@ref24], for outbreak, *α* \>*C*~max~.

For analyzing the curve, the following steps were used:

(i)Seasonal Adjustment: The seasonal adjustment of data was done in Microsoft Excel. The linear trend (*C*~t~) of dataset was multiplied with its seasonal index. To obtain linear trend of dataset, the linear regression equation was calculated using chart and linear trend line option in Excel. To obtain seasonal index, each *X* value (*i.e*., number of cases in any month) was divided by its trend value. The obtained ratio was averaged monthly, and a seasonal index of 12 months was obtained. The seasonally adjusted (SA) value for month *t* can be expressed as follows:*SA*~t~=*C*~t~´*SI*where *C*~t~ is linear regression trend value for month t and *SI* isthe monthly seasonal index.(ii)C~max~ value of curve: mean+2 SD was calculated for SA data.(iii)Root mean square (RMS): The RMS value of the SA curve was calculated using Equation 3.Equation 3,*C*~max~/√2

*Defining outbreak*: Irrespective of data volume, a ratio scale can quantify the variable for better and efficient understanding. Mean is the single value which summarizes a set of data by identifying the centroid. Advantage of mean ratio transformation is to generalize the scale. 'Case/mean ratio' can be calculated using Equation 1.

This transformation system does not change the form of waveform (time series). In general, seasonal variations in *falciparum* malaria cases represent sinusoidal curve (full-wave rectifier)[@ref25], and therefore, the equation of curve for seasonal variation should be as Equation 2.

In sine waveform, peaks are characterized by two factors: mean and RMS value. In a true sinusoidal waveform, the peak of curve is 1.414 *i.e*., √2 times the RMS value. The RMS value of sine curve can be calculated using Equation 3.

The outbreak in such areas where seasonality of malaria cases follows sinusoidal waveform can be determined either by increase in mean value or increase in RMS value of the waveform. RMS value is 0.707 times the C~max~ and mean of waveform is 1.0~.~ Therefore, these two parameters can be used to pre-sense the outbreak.

Whenever, the mean of case mean ratio was \>1, RMS of case mean \>1.5 gave the signal of an outbreak, and at the value of \>2.2, an outbreak occurred.

The comparative performance of the two methods, *i.e*. conventional mean+2 SD and curve-based method of analysis is given in Tables [I](#T1){ref-type="table"} and [II](#T2){ref-type="table"}, respectively.

###### 

*Plasmodium falciparum* malaria outbreak detection using mean+2 standard deviation in Karbi Anglong District (Assam)
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###### 

*Plasmodium falciparum* malaria outbreak detection using mean+2 standard deviation in Jaisalmer District, (Rajasthan)
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Results {#sec1-3}
=======

Sinusoidal seasonal fluctuations were observed in *falciparum* malaria cases of Karbi Anglong, Assam ([Fig. 1](#F1){ref-type="fig"}) and Jaisalmer ([Fig. 2](#F2){ref-type="fig"}), Rajasthan, districts. The results of malaria curve analysis show that the C~max~ (peak value of sinusoidal curve) value of SA case/mean ratio was 2.3 for Karbi Anglong and 2.2 for Jaisalmer districts. Therefore, any value \>2.2 identifies an outbreak. Comparison between seasonal peak and outbreaks is shown in [Fig. 3](#F3){ref-type="fig"} for Karbi Anglong and [Fig. 4](#F4){ref-type="fig"} for Jaisalmer districts.

![(**A**) Seasonal fluctuations in *Plasmodium falciparum* cases in Karbi Anglong, Assam (1993-2013). (**B**) Seasonal fluctuation in *Plasmodium falciparum* malaria after case/mean ratio transformation in Karbi Anglong, Assam (1993-2013). The graph shows no change in the structure of curve after transformation of data but brings the data on a measurable scale.](IJMR-146-612-g005){#F1}

![(**A**) Seasonal fluctuations in *Plasmodium falciparum* cases in Jaisalmer (1997-2007). (**B**) Seasonal fluctuation in *Plasmodium falciparum* malaria after case/mean ratio transformation in Jaisalmer (1997-2007). The graph shows no change in the structure of curve after transformation of data but brings the data on a measureable scale.](IJMR-146-612-g006){#F2}

![Seasonally adjusted case/mean ratio of *Plasmodium falciparum* in Karbi Anglong, Assam (1993-2013).](IJMR-146-612-g007){#F3}

![Seasonally adjusted case/mean ratio of *Plasmodium falciparum* in Jaisalmer district, Rajasthan (1997-2007).](IJMR-146-612-g008){#F4}

Using the conventional method of mean+2 SD, the outbreaks of *falciparum* malaria in Karbi Anglong district could be detected in 1999, 2008 and 2009 ([Table I](#T1){ref-type="table"}), while in Jaisalmer district, it could be detected in the years 1999, 2000, 2001, 2004, 2006 and 2007 ([Table II](#T2){ref-type="table"}). On the other hand, with curve-based method, malaria outbreak could be detected in 1994, 1999-2001 and 2006-2010 in Karbi Anglong district ([Table III](#T3){ref-type="table"}) and in 1999-2002 and 2006-2007 in Jaisalmer district ([Table IV](#T4){ref-type="table"}).

###### 

*Plasmodium falciparum* malaria outbreak detection and early warning using curve based method in Karbi Anglong District (Assam) (1993.2013)
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###### 

*Plasmodium falciparum* malaria outbreak detection and early warning using curve based method in Jaisalmer District (Rajasthan) (1997.2007)
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With conventional method, outbreaks were detected in the month of March to July and August-September in Karbi Anglong, whereas in Jaisalmer district, the outbreaks were detected in the months of January, February and June.

By the curve-based method of analysis, the outbreaks were detected in June/July in 1994, 2000-2001 and 2007 where C~max~ value of time series curve was 2.3, 2.4, 2.5 and 2.4, respectively. According to case/mean ratio scale, these values indicated minor outbreaks. In 1999, 2006, 2009 and 2010, the C~max~ values of curve were 3.8, 3.1, 3.5 and 3.2, respectively, indicating major outbreaks of *falciparum* malaria on case/mean ratio scale. In 2008, when C~max~ value was 5.0, a severe outbreak was observed.

The RMS value of SA curve was 1.504 for Karbi Anglong and Jaisalmer districts. In Karbi Anglong district, with RMS ≥1.504, both minor and major outbreaks could be predicted one month in advance. Moreover, during major outbreak years, the mean case/mean ratio value of 1.00 could predict the outbreak two months in advance ([Table III](#T3){ref-type="table"}). In Jaisalmer district, the outbreaks of May, which were minor, could be detected by mean of case/mean ratio ≥1, whereas the outbreaks of June and July were detected by RMS ≥1.504.

Discussion {#sec1-4}
==========

Existing regression or other mathematical forecasting models forecasted the malaria transmission in Africa[@ref26][@ref27] and in India[@ref28][@ref29][@ref30] in one month advance using climatic variables such as rainfall and temperature. India has diversified climatic characteristics; therefore, implementation of climate-based model for the whole country is not possible. In this regard, the presented model has successfully identified the outbreaks in two climatically contrast regions *i.e*., Karbi Anglong and Jaisalmer districts. The proposed method differentiated between seasonality and outbreak using a single variable *i.e*., malaria cases. With the devised method, all the minor and major outbreaks could be detected, which were undetectable using conventional method[@ref24]. In Karbi Anglong district, RMS value of ≥1.504 could detect an outbreak one month before in all the outbreak years. Similarly, in Jaisalmer district, the outbreaks which occurred in the month of June were consistently detected by increase in RMS ≥1.5 one month in advance.

Malaria outbreaks generally occur due to unexpected rainfall, resistance in vector and parasite towards insecticide and drugs, respectively[@ref30][@ref31], migration, inadequate intervention, *etc*. The statistical method of mean+2 SD for detecting outbreak could detect major outbreaks in Karbi Anglong district but not the minor outbreaks. Further, with the standard method of mean+2 SD, outbreaks could be detected in the month of September, October and November in Karbi Anglong district which was close to normal as per the present method. In Jaisalmer district, using mean+2 SD method, the outbreaks could be detected in the months of January, February and June. The proposed model for detecting malaria outbreak using properties of sine curve successfully detected both major and minor outbreaks. In the present study, the C~max~ value of \>2.2 was the cut-off for differentiating seasonality and outbreak. With the C~max~ value from 2.2 to 3.5, the outbreak could be labelled as minor one, while with \>3.5 C~max~, the outbreak can be considered as the major one.

The proposed method provided early warning of malaria outbreak 1-2 months in advance in all the identified years with the exception of 2007 where it turned out to be only seasonal which might be due to the introduction of alternative drug regimen. Being varied geography in India, the findings of this study are limited to similar geographic areas of Assam and Thar Desert. Since *P. vivax* parasite has the tendency to relapse, it was not considered for analysis in the present study. The proposed method can be attempted in differentiating seasonal variation (C~max~) and outbreak (\>C~max~) in similar geographic areas such as Karbi Anglong and outbreak-prone areas of Rajasthan and Gujarat.
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